In this work, the results of density functional theory calculations for rare earth (Ce, Pr, Eu, and Er) interstitials in Ge are presented. We employed the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) for all the calculations. We calculated the formation energies and charge state transition levels for the tetrahedral (T) and hexagonal (H) configurations of the Ce, Pr, Eu, and Er interstitials in Ge. While for the T configuration, the charge states of the Ce and Pr did not induce any thermodynamic accessible transition state level within the band gap of Ge, for both the T and H configurations the Eu and Er interstitials in Ge induce deep levels in the band gap. The H configuration of the Ce interstitial in Ge induces a shallow donor level at 0.03 eV below the conduction band. The Eu interstitial exhibits negative-U properties for the (+2/À2) transition level and the Er interstitial displays characteristics of charge state controlled metastability.
INTRODUCTION
In recent years, rare earth (RE) doping and defects in materials have been extensively studied because of their potential applications in full colour emission devices. 1, 2 A study revealed that the intra4f shell electronic transitions of the RE ions give rise to sharp emission lines with small energy dispersion. 3 It has been suggested that deep-level defects participate in the energy transfer process from the host to the RE 3þ ions. 4 Therefore, the structure of the local environment of RE 3þ ions plays a crucial role in the determination of the optical luminescence efficiency of RE doped semiconductors. 1 The size of the RE ion, the number of valence electrons, and its electronegativity may differ from the host, and thus it is expected that the RE could induce one or more gap levels occupied by valence electrons. 5 Studies of defects in semiconductor materials have been carried out in the last two decades, in particular defects in Si 5 and only a few in Ge 2, [6] [7] [8] (due to problems with the density functional theory predicting a band gap). While the former has a band gap of 1.17 eV, 9 the latter has a narrow band gap of 0.78 eV 10 at 0 K. The narrow band gap of Ge, its high carrier mobility, and low voltage have made it a possible alternative to Si as an active layer in advanced electronic devices. 11, 12 Impurities influence Ge-based semiconductor devices either positively or negatively. 6 Several experimental and theoretical studies of point defects such as vacancy 13 and interstitial 6, 7 defects in Ge have been reported in the literature. While RE ion defects in Si and other materials have been studied both theoretically and experimentally, [14] [15] [16] except for Tm, 2, 8 the structural and electronic properties of RE interstitial defects in Ge have not been experimentally or theoretically reported. In order to provide an insight for the experimental study of the electronic properties of defects resulting from the implantation of RE, we have used the Heyd, Scuseria, and Ernzerhof (HSE06) functional 17 in the framework of density functional theory (DFT) to calculate the electronic properties of the Ce, Pr, Eu, and Er interstitials in Ge in two different configurations: the tetrahedral (T) and hexagonal (H). The Ó 2016 The Minerals, Metals & Materials Society energies of formation for the T and H configurations of the Ce, Pr, Eu, and Er interstitials in Ge were calculated for charge states (À2; À1; 0; þ1; þ2). The charge state transition levels are examined and presented as well. The role of shallow and deep levels, charge state controlled metastability and negative-U properties of charge state transition levels are also discussed. This article is organised as follows: in ''Computational Details'' section, we present the computational details, the result and discussion are presented in ''Results and Discussion'' section, and finally, we present our concluding remarks in ''Summary'' section.
COMPUTATIONAL DETAILS
DFT electronic structure calculations were performed using the Vienna ab initio Simulation Package (VASP). 18, 19 We used the projector-augmented wave (PAW) method, as implemented in the VASP code to separate the inert core electrons from the chemically active valence electrons. 18, 20 All the calculations were carried out using the Heyd, Scuseria, and Ernzerhof (HSE06) 17 hybrid functional. In this approach, the short-range exchange potential is calculated by mixing a fraction (25%) of exact nonlocal Hartree-Fock exchange with the generalized gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE). 21 In contrast to the local density approximation (LDA) and the GGA that tend to underestimate the band gap of semiconductors, 12, 22, 23 the HSE06 functional gives an excellent description of the electronic band gap and charge state transition properties for a wide range of the defects in group-IV semiconductors. 7, 9, 22 For the past decade, the study and prediction of the electronic properties of materials with the f orbital valence shell was difficult because the f orbital is highly localized. The highly localized f orbital was previously treated using LDA + U and other methods. [24] [25] [26] [27] Recently, the hybrid functional has been successfully used to predict the electronic and band gap properties of several materials with an f orbital in the valence shell. 24, 28 Following this success of the hybrid functional, it became feasible for us to handle the f orbital in the valence shell of the RE. For Ge, the 4s and 4p electrons in the outer shell were treated as valence electrons, while depending on the electronic configurations, the 6s, 5d, 5p, and 4f orbitals in the outer shell were treated as valence electrons for the Ce, Eu, Er, and Pr. For the bulk, geometric optimization of Ge was performed using an eight-atom unit cell with an 8 3 Monkhorst-Pack 29 k-point Brillouin zone sampling scheme and cutoff energy of 400 eV. For the defects, we employed a 64-atom supercell using a 2 3 Monkhorst-Pack 29 k-point Brillouin zone sampling scheme, and we set the plane wave cutoff of the wave function expansion to 400 eV. We refined the geometry until the change in the total energy was less than 10 À5 eV and the forces were relaxed to below 0.001 eV/Å . The energy of formation of a system is strongly dependent on the spin-orbit coupling (SOC) due to the presence of relativistic effects in heavy atomic systems. To deal with the scalar relativistic effect, the mass-velocity and Darwin correction terms have been incorporated into the PAW potential. In addition to the scalar relativistic effect that was taken into account, spinorbit coupling was also taken into account for all calculations. The concentrations (C) of defects in thermodynamic equilibrium are related to the formation energy (E f ) through the Boltzmann constant 
where E(pure) is the energy of a supercell without a defect, ðDnÞ i is the difference in the number of constituent atoms of type i between the pristine supercell and the supercell containing the defect, l i represents the chemical potential of different constituent atoms, and E V is the valence band maximum (VBM). The correction term E q cor according to Freysoldt et al. 32 has been included to account for the discrepancies surrounding the calculation of E f ðd; qÞ due to finite-size effects within the supercell and inaccuracy underlying the approximation of the energy due to electrostatic interactions. According to Eq. 1, an increase in the formation energy of a defect obtained from Eq. 2 leads to a decrease in the concentration of a defect, and the defect becomes less energetically favourable. The defect transition energy level ðq=q 0 Þ is the Fermi energy at which two charge states (q and q 0 ) of the defect have the same energy of formation, and is given as
As reported in Ref. 7 , we took the modelled band gap of the pristine Ge to be 0.78 eV.
RESULTS AND DISCUSSION

Structural Properties of RE Interstitials in Ge
In order to find out the most energetically favourable structure for the neutral charge state of RE interstitials in Ge, two different atomic arrangement were considered: the hexagonal (H) and tetrahedral (T) configurations. The relaxed geometric structures of RE interstitials in Ge are shown in Figs. 1 and 2, for the T and H configurations, respectively. Table I Fig. 2d as well. After geometric relaxation, the shortest bond distance between a RE and its nearest-neighbour Ge atoms for both the T and H configurations decreased. The bond length between Ce and Ge atoms decreases by 0.03 Å and 0.06 Å for the T and H configurations, respectively. The Pr and Ge atoms' bond length decreased by 0.02 Å in the T configuration and by 0.03 Å in the H configuration. For the Eu and Er interstitials in Ge, after structural relaxation, the shortest bond length between Eu and Ge and Er and Ge atoms decreased by 0.06 Å (for Eu-Ge) and 0.01 Å (for Er-Ge) for the T configuration. For the H configuration, while the Eu and Ge atoms' bond length decreased by 0.08 Å after geometric relaxation, the Er and Ge atoms' shortest bond length decreased by 0.03 Å . For all RE interstitials in Ge, we found that all the shortest bond lengths between RE and Ge atoms decreased within 0.8 Å . We have observed that for all RE interstitials in Ge studied, the RE and Ge shortest bond distance, as well as the reduction in bond length after structural relaxation for the T configuration are lower than that of the H configuration. This suggests that the RE interstitials in Ge experience more bond length strain in the H configuration than the T configuration and should be the key to understanding the difference in the formation energies for both configurations.
Projected Density of States of RE Interstitials in Ge
The plot of electronic properties [spin polarised projected density of states (PDOS)] of RE interstitials in Ge for the T and H configurations are shown in Fig. 3 . The majority (spin-up) and minority (spindown) density of states are shown as right and left halves of each plot, respectively. For the pristine Ge, the majority and minority spins are symmetrical for the entire plot [as shown in insert (o) of Fig. 3] , suggesting non-spin polarization of the system. RE interstitials in Ge for all defects considered show strong evidence of hybridization between the s and p orbitals of participating atoms. For the Er interstitial in Ge, in the H configuration, orbital states are densely populated both in the conduction band minimum and valence band maximum [see insert (a) of Fig. 3] . But for the T configuration, we observed significant contribution of the orbital states in the conduction band minimum, below the Fermi level [see insert (b) of Fig. 3] . Fig. 3] , the defect induced orbital states in the band gap for both the T and H configurations, resulting in 0 band width. This suggests that as a result of the defect introduced, the entire system becomes metallic. For the Ce interstitial in Ge, apart from the hybridization that occurred between the s and p orbitals, the band width of the T configuration is higher than that of the H configuration. More orbital states are found below the Fermi level at the conduction band minimum for the T than that of the H configuration as shown in insert (f) and (e), respectively, of Fig. 3 . This same trend is observed for the Pr interstitial in Ge. where the difference between the band width of the T and H configurations is 0.37 eV. Except for the Pr, all other RE interstitial in Ge studied are spin polarised. Figure 3 shows that some RE interstitials in Ge introduced states within the band gap of Ge. Depending on the RE, RE interstitials in Ge induced orbital states appear to be either deep (in the middle of the band gap of Ge) or shallow (appearing within the band gap, but close to the either conduction band minimum or valence band maximum). It is noted that apart from Eu, RE interstitials in Ge for the T configuration induces fewer orbital states in the band gap of Ge than the H configuration. This could play a major role in predicting the sequence of the formation energy of RE interstitials in Ge.
In order to understand the bonding characteristic and charge transfer (relative to host atoms) for the T configuration of RE interstitials in Ge, we performed total charge density calculation. Table II shows the charge transfer between a RE interstitial atom relative to host atoms. Our results show that there is charge transfer between participating RE and Ge atoms. The Pr and Ce have the least charge transfer of 1.04 e and 1.05 e with Ge. The Eu, on the other hand, has the highest charge transfer of 1.42 e with Ge atom compared to the other participating RE.
Formation Energies of RE Interstitials in Ge
The results of the formation energies of the Ce, Pr, Eu, and Er interstitials in Ge are tabulated in Table III . The formation energies for the T and H configurations of the Ce interstitial in Ge increase from þ2 to the À2 charge state. The energies of formation of the Ce interstitial in Ge for both the T and H configurations are between À4.45 eV and 2.61 eV for all charge states. In addition, the T configuration has lower formation energies for all the charge states than the H configuration. This suggests that under equilibrium conditions the T configuration is more energetically favourable in all charge states than the H configuration.
The Er interstitial in Ge forms with formation energies between 0.28 eV and 7.64 eV for all charge states in the T and H configurations. While the formation energy of the H configuration tends to increased from the À2 to the þ2 charge state, the formation energies for the T configuration decreased. Charged state controlled metastable defects are important in the study of semiconductor. Charged state controlled metastability suggests that even though two different configurations of the same defect type have the same number and type of atoms, the stability of one configuration over The bond lengths are calculated with respect to the nearest neighbour Ge atoms around the RE.
the other is charge state dependent. 33, 34 For the Er interstitial in Ge, the minimum energy configuration of the defect depends on its charge state, suggesting that the defect may display charge state controlled metastability.
The formation energies of both the T and H configurations for the Eu interstitial in Ge show an increasing tendency from the þ2 charge state to the À2 charge state. While for both the T and H configurations of the Eu interstitial in Ge the formation energies are between 3.74 eV and 7.82 eV, the T configuration has a lower formation energies than the H configuration. The difference between the formation energy of the T and H configuration for the 0, À1 þ1 À2 and þ2 charge states is greater than 1.5 eV for all charge state. In addition to the Ce, the Eu and Pr interstitials in Ge are energetically more favourable in the T configuration than the H configuration. For the Pr interstitial in Ge, the T configuration has lower formation energies than the H configuration. Except for the formation energies of the Eu and Er interstitials in Ge which are reasonably high (compared to other RE in this study) for some charge states, the Ce and Pr interstitials in Ge have the lowest formation energies in all the configurations.
The Eu interstitial in Ge has the highest formation energies in both the T and H configuration for charge state À2, À1 , and 0. While the Er interstitial has the highest formation energies for charge state þ1 and þ2 for the H configuration, the Eu interstitial in Ge forms with the highest formation energy for þ1 and þ2 charges states for the T configuration. For the T and H configurations of RE interstitials in Ge, in the neutral charge state, the formation energy increases in the sequence Pr < Ce < Er < Eu. One of the possible reasons for such a sequence could be the difference in charge transfer between a RE atom and Ge. While Pr interstitial in Ge has the lowest formation energy for the neutral and negative charge states, the Ce interstitial in Ge has the lowest formation energies for the positive charge states for all configurations. Our calculated formation energies indicate that except for the Er, RE interstitials in Ge under equilibrium conditions are more energetically favourable in the T than the H configuration. This could be as a result of the less strain experience by the RE-Ge atoms bond lengths in the T configuration. Another probable reason why there are differences in formation energies is as a result of the effect of orbital hybridization between a RE atom and its nearest Ge neighbour as seen in the plot of the PDOS.
Charge State Transition Levels of RE Interstitials in Ge Table IV shows the calculated energies of the charge state thermodynamic transition levels in the band gap of Ge. Plots of the formation energy as a function of the Fermi energy are shown in Fig. 4 . For the Ce interstitial in Ge (see Fig. 5a ), there is no evidence of charge state transition level within the band gap for the T configuration. The þ2 charge state is stable for all e F in the band gap. For the H configuration of Ce interstitial in Ge, we found a transition level at (þ2= þ 1), which is a shallow donor lying close to the conduction band minimum (CBM) at E C À 0:03 eV (E C is the energy of the conduction band minimum). This suggests that the energetic distance to the band edge is within a few k B T at room temperature, resulting in efficient ionization of electrons from the defect level into the conduction band (leading to mobile electrons).
For the Pr interstitial in Ge, there is no evidence of charge state transition level found within the band gap for both the T and H configurations. For the H configuration of Pr interstitial in Ge, the À1 charge state is stable for all e F in the band gap. For the T configuration of the Pr interstitial in Ge, the neutral charge state is stable for all e F in the band gap as shown in Fig. 5b . According to Fig. 5c , for the Eu interstitial in Ge, the H configuration is predicted to induce deep and shallow levels within the band gap. These levels are deep at E V þ 0:26 and E C À 0:26 eV for the double donor (þ2/þ1) and (þ1/ 0), respectively, and reasonably shallow lying close to the CBM at E C À 0:14 eV for the single acceptor (0/À1). Other levels found in this configuration are not thermodynamically accessible. For the T configuration of the Eu interstitial in Ge, while there is neither a donor nor acceptor level found, we found an interesting charge state transition level at (þ2/ À2), which lies deep in the band gap at E V þ 0:18 eV. The interaction energy between two electrons in a two-level defect is referred to as Hubbard U. 23, 35 A defect often has a negative-U (U < 0) if the atomic position of the defect depends sensitively on its charge state. The Eu interstitial in Ge displays negative-U ordering at (þ2/À2), i.e charged states þ1, 0, and À1 are unstable with respect to dissociating into q ¼ þ2 and q ¼ À2. We calculated the effective negative-U of the Eu interstitial in Ge for the T configuration to be À1.50 eV. Figure 5d indicates the presence of a deep level created by Er interstitial in Ge, for both the T and H configurations. For the T configuration, the Er interstitial induces a transition state at (+2/+1) which is a deep donor level lying at E C À 0:28 eV. For the H configuration, instead of observing a The configurations with the lowest formation energies for each charge state are written in bold. 
These transition levels are taken with reference to the VBM.
donor level, we found a ðÀ1= À 2Þ acceptor level lying far away from the valence band maximum at E C À 0:18 eV. According to Fig. 5 , for the T configuration, only the Er and Eu interstitials induce charge state transition levels within the band gap of Ge. For the H configuration of RE interstitials in Ge, all except Pr interstitial induce charge state transition levels within the band gap of Ge.
SUMMARY
In conclusion, results of the tetrahedral (T) and the hexagonal (H) configurations of the Ce, Pr, Eu, and Er interstitials in Ge are presented. For all calculations, the Heyd, Scuseria, and Ernzerhof (HSE06) hybrid functional was used in the framework of density functional theory (DFT). The formation energies and charge state transition levels for Re interstitials in Ge are described in detail. We have shown that the formation of Ce, Pr, Eu, and Er interstitials in Ge exist with formation energies between À4.76 eV and 7.82 eV for all charge states, with that of Eu and Er interstitials in Ge slightly higher for some charge states. Our calculations show that of all the four elements, the Ce and Pr interstitials in Ge, have the lowest formation energies in both the T and H configurations. For the Ce, Pr, and Eu interstitials in Ge, the formation energies for the T configuration are lower than the H configurations in all charge states. The Er interstitial in Ge exhibits properties of charge state controlled metastability. We have shown that unlike the Pr interstitial in Ge, that has no induced accessible transition level within the band gap, the Er and Eu interstitials in Ge induce charge state transition levels in the band gap. While the H configuration of Eu interstitial induces double and single donor levels at E V þ 0:26 eV and E C À 0:26 eV respectively, the T configuration of the Eu interstitial in Ge displays negative-U ordering at (+2/À2) transition level. The Er interstitial in Ge induces a donor level in the T configuration and an acceptor level in the H configuration at E C À 0:28 eV and E C À 0:18 eV respectively.
